The electronic and magnetic properties of four series of rare earth manganates of the general formula La 0.7−x Ln x Ba 0.3 MnO 3 (Ln = Pr, Nd, Gd or Dy) have been investigated to examine the effect of large size disorder in a system where the average radius of the A-site cations, r A , remains high (1.216-1.292 Å) and the Mn 3+ /Mn 4+ ratio is kept constant. The size disorder, as measured by the Attfield σ 2 parameter, has been varied over a wide range of 0.001 and 0.03 Å 2 . As x is increased, the materials exhibit a decrease in the ferromagnetic Curie temperature, T c , or lose ferromagnetism entirely. This is accompanied by an insulator-metal (I-M) transition, with T IM decreasing with increasing x, or an entirely insulating behaviour. The insulating behaviour and loss of ferromagnetism occurs when σ 2 is close to 0.02 Å 2 . Thus, in the Ln = Nd, Gd and Dy series, the non-magnetic insulating behaviour occurs at x values of 0.7, 0.5 and 0.3 respectively. Where an I-M transition occurs, T IM < T c , indicating the presence of a ferromagnetic insulating regime. The absence of long-range ferromagnetism in some of the compositions is accompanied by a divergence between the zero-field-cooled and the field-cooled magnetization data. The ferromagnetic or non-magnetic insulating state is due to phase separation wherein ferromagnetic clusters are present in an insulating matrix. The nonmagnetic insulating compositions can be rendered ferromagnetic and metallic by decreasing σ 2 while keeping r A constant. This extraordinary display of the effect of size disorder on the properties of the rare earth manganates is noteworthy.
Introduction
Rare-earth manganates of the type Ln 1−x A x MnO 3 (Ln = rare earth, A = alkaline earth) exhibit many interesting properties such as colossal magnetoresistance,charge ordering, orbital ordering and electronic phase separation [1] [2] [3] [4] [5] . All these properties are highly sensitive to the average radius of the A-site cation, r A , as well as the size disorder arising from the mismatch between the A-site cations [4, 6, 7] . A detailed study of several compositions of the La 0.7−x Ln x Ca 0.3 MnO 3 series of manganates has shown the occurrence of electronic phase separation above a critical composition x c [8] [9] [10] . In this series of manganates, r A decreases markedly with increase in x, accompanied by an increase in size disorder. Above x c , the materials become insulating and do not show ferromagnetism, the x c values corresponding to the critical r A value, r c A , of 1.18 Å. Electronic phase separation occurs in the region of r c A [8] [9] [10] . In order to fully appreciate the effect of the size mismatch between Asite cations, we considered it important to investigate a series of manganates, where the r A remains substantially large, well above r c A through the series, but the size disorder increases significantly. La 0.7 Ba 0.3 MnO 3 , with r A of 1.292 Å, is a good ferromagnetic metal with a ferromagnetic transition temperature, T c , of 340 K [11] . The T c is, however, lower than the value expected on the basis of the large A-site cation radius, because of the mismatch between the A-site cations [7, 12, 13] . Thus, the size variance, σ 2 , defined as
, where x i is the fractional occupancy of A-site ions,r i is the corresponding ionic radius [12] , is quite large, the value being 0.014 Å 2 . Pr 0.7 Ba 0.3 MnO 3 [14, 15] , with a r A of 1.266 Å and σ 2 of 0.018 Å 2 , shows a distinct ferromagnetic transition around 190 K due to long-range ferromagnetic ordering and an insulator-metal (I-M) transition at a lower temperature. The properties of Nd 0.7 Ba 0.3 MnO 3 with an r A of 1.255 Å and σ 2 of 0.020 Å 2 , however, appear to be quite different, with an unusual insulating behaviour [16] . We have investigated the effect of substitution of La in La 0.7 Ba 0.3 MnO 3 by the smaller rare earth ions Pr, Nd, Gd and Dy, on the magnetic and electron transport properties, to understand the evolution of the insulating behaviour accompanying the disappearance of ferromagnetism, primarily arising from size disorder. It is to be noted that, in a given series of manganates, the size disorder increases considerably with x, although r A remains in the range 1. 
Experimental procedure
Polycrystalline samples of La 0.7−x Ln x Ba 0.3 MnO 3 (Ln = Pr, Nd, Gd and Dy) were prepared by the ceramic method. Stoichiometric mixtures of the respective rare earth oxides, alkaline earth carbonates and MnO 2 were weighed in the desired proportions and milled for a few hours with propanol. The mixtures were dried, and calcined in air at 950
• C, followed by heating at 1000 and 1100
• C for 12 h each in air. The powders thus obtained were pelletized and the pellets sintered at 1400
• C for 24 h in air. Two series of manganates of the general formula Ln 0.7−x Ln x A 0.3−y A y MnO 3 , with fixed r A values of 1.266 and 1.216 Å, were prepared by the same method. Composition analysis was carried out using energy dispersive x-ray analysis (EDAX) using a LEICA S440I scanning electron microscope fitted with a Si-Li detector. The oxygen stoichiometry was determined by iodometric titrations. The error in oxygen content was ±0.02. The oxygen stoichiometry in the La 0.7−x Ln x Ba 0.3 MnO 3 and Ln 0.7−x Ln x A 0.3−y A y MnO 3 series studied by us was generally 2.97 ± 0.03. The phase purity of the manganates was established by recording the x-ray diffraction patterns in the 2θ range 10
• -80
• with a Seiferts 3000 TT diffractometer using Cu Kα radiation. Electrical resistivity (ρ) measurements were carried out from 320 to 20 K by the four-probe method. Magnetization (M) measurements were made with a vibrating sample magnetometer (VSM) (Lakeshore 7300) and with a Quantum Design MPMS 5XL magnetometer. In the VSM and MPMS 5XL measurements the data were collected in the 300-50 and 350-10 K ranges, respectively. The temperature dependence of the zero-field-cooled (ZFC), field-cooled (FC) and the frequency dependence AC susceptibility measurements were recorded in the MPMS 5XL magnetometer. For the ZFC measurement the sample was cooled down from 350 to 10 K in zero-field, and for the FC measurement the sample was cooled to 10 K in an applied field of 500 Oe. The data were all recorded during reheating the sample.
Results and discussion
All the manganate compositions of the formula La 0.7−x Ln x Ba 0.3 MnO 3 (Ln = Pr, Nd, Gd and Dy) could be indexed on an orthorhombic structure with the Pnma space group. We have listed the lattice parameters of the various compositions in table 1 along with the values of r A and the size variance σ 2 . The lattice parameters as well as the volume of the unit cell The resistivity behaviour of Nd 0.7 Ba 0.3 MnO 3 found by us differs from the earlier report [16] to some extent. We do not find a distinct I-M transition in this material nor two resistivity peaks around T IM . We barely see a shoulder around T c as shown by the arrow in figure 2 . Since Nd 0.7 Ba 0.3 MnO 3 does not show long-range ferromagnetic ordering, it would appear that the material contains ferromagnetic clusters in the insulating matrix. The double peaks in resistivity data reported earlier [16] or the shoulder near T c found by us also suggest such phase separation. Ferromagnetic clusters in an insulating matrix would also be present in other compositions (0.0 < x < 0.7) where T c > T IM .
In the La 0.7−x Gd x Ba 0.3 MnO 3 series, progressive substitution of La by Gd causes the ferromagnetic features to disappear entirely when x 0.5 ( figure 4(a) ). Even when x = 0.3, the T c is only 155 K and the saturation magnetization is 20 emu g −1 at 60 K. figure 4(b) ). In the La 0.7−x Dy x Ba 0.3 MnO 3 series, ferromagnetism does not occur for x > 0.2 ( figure 5(a) ). The x = 0.2 composition shows an apparent T c of 180 K, but the saturation magnetization is very low (18 emu g −1 ). The x = 0.2 composition shows the I-M transition, but all the compositions with x > 0.2 are insulating, the resistivity being higher than that of the corresponding Gd and Nd substituted manganates. The ZFC and FC data of the x = 0.3 composition show divergence ( figure 3(d) ), indicating the absence of long-range ferromagnetic ordering.
In both the La 0.7−x Gd x Ba 0.3 MnO 3 and La 0.7−x Dy x Ba 0.3 MnO 3 series of manganates, ferromagnetism disappears as x increases, accompanied by an insulating behaviour. The apparent ferromagnetic transitions with a low saturation magnetization observed for x = 0.3 and 0.2 at 150 and 180 K respectively in the Gd and Dy derivatives, and associated with T IM values lower than T c , pointing to the presence of a ferromagnetic insulating state. It is likely that, in all the compositions where the ferromagnetic insulating state occurs, there is phase separation wherein ferromagnetic clusters are present in an insulating matrix. It is interesting that the difference between T c and T IM manifests itself only when σ 2 is considerably large. In the four series of La 0.7−x Ln x Ba 0.3 MnO 3 studied by us, the difference between T c and T IM starts emerging when the σ 2 = 0.016 Å 2 , although the r A is relatively large, being around 1.28 Å. Clearly the size disorder plays a crucial role in determining the properties of these manganates.
In order to investigate the effect of size disorder quantitatively, we have examined the compositions with constant r A values corresponding to Pr 0.7 Ba 0.3 MnO 3 and Gd 0.7 Ba 0.3 MnO 3 respectively, and varied the σ 2 . In table 2, we list the structural parameters of two series of manganates. The magnetization and resistivity data of the compositions with r A = 1.266 Å are shown in figure 6 . We see that T c increases with decreasing σ 2 and the material becomes metallic at the lowest value of σ 2 = 0.008 Å 2 , while I-M transitions occur in the σ 2 range 0.02-0.01 Å 2 . This is indeed a nice result in that a system normally showing an I-M transition becomes metallic as the size disorder is decreased. The effect of size disorder is seen more vividly when the r A value is 1.216 Å, corresponding to Gd 0.7 Ba 0.3 MnO 3 , a non-magnetic insulating material. However, when the size disorder is decreased, the material becomes ferromagnetic, with T c going up to ∼300 K at the lowest value of σ 2 ( figure 7(a) ). As σ 2 decreases, the insulating behaviour also gives way to metallic behaviour. The T c [10, 17] .
Conclusions
The present study on the electronic and magnetic properties of the four series of La 0.7−x Ln x Ba 0.3 MnO 3 (Ln = Pr, Nd, Gd and Dy) manganates, wherein the average radius of the A-site cation generally remains large (1.216-1.292 Å), but the size disorder is also considerable, has revealed certain interesting aspects. Since the band narrowing due to small r A is entirely avoided, the predominant effect is due to size disorder. It is interesting that these materials show a progressive decrease in the ferromagnetic T C , eventually giving rise to a non-magnetic insulating behaviour. Accordingly, with increasing x or σ 2 , the material exhibits a ferromagnetic insulating phase due to the presence of ferromagnetic clusters in the insulating matrix. At large x or σ 2 , where some of the compositions lose ferromagnetism and become insulating, there is evidence for clusters with short-range ferromagnetic interaction. In the insulating regime caused by size disorder, there is clearly phase separation due to the presence of ferromagnetic clusters in an insulating matrix. The phase separation is minimized or eliminated by decreasing σ 2 , as evidenced from the change of the non-magnetic insulating phase to a ferromagnetic metallic state.
